The mechanisms involving inactivation of bacteriophage MS2 in aerosols and the effect of protective substances in the spray-medium were studied after spraying from various NaCl solutions. Results with aerosols generated from the salt solutions showed that with higher salt concentration in the spray-medium higher concentrations of protective substances were needed to protect phage MS2 against aerosol inactivation. Phenylalanine, which has a protective action at low concentration, produced less protection in aerosol droplets that were supersaturated solutions of this substance or in which crystals of phenylalanine can be expected to form. Our results suggested that protection by peptone and phenylalanine was related to the concentration in the aerosol droplet after evaporation to equilibrium, whereas protection by the surface active agent OED (a commerical mixture of oxyethylene docosylether and oxyethelene octadecylether) was related to the concentration at which a monolayer is formed around the aerosol particle. Inactivation of phage MS2 was maximal in the aerosol particle in fluid phase and became less at lower relative humidity where aerosol particles are expected to be in the solid state. It is suggested that inactivation of bacteriophage MS2 in aerosols could be explained by surface inactivation at the air-water interface.
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The inactivation of viruses in aerosols is known to be dependent on the relative humidity (RH) of the ambient air, on the composition of the spray-medium (4, 10, 12, 16, 22) and on the method of aerosol collection (9, 11, 20) .
Dubovi and Akers (9) found a decrease in recovery of phage MS2 after prehumidification of the aerosol sample before collection, if no peptone was added to the spray-medium. Such an effect was not found with many other viruses (9, 11, 20) and the significance of this phenomenon has been left unexplored. For this reason the mechanism of inactivation in aerosols of phage MS2 has been studied. Salt concentrations in the spray-medium and protecting concentrations of other additives could be correlated; therefore, the inactivation of phage MS2 and the effect of small amounts of additives were studied after spraying from various NaCl solutions.
If an aerosol is produced from a solution of NaCl, the salt within the aerosol particles can be in the solid phase below 75% RH (15) at 20 C, because the vapor pressure of a saturated NaCl solution at 20 C corresponds with 75% RH (21) . At an RH higher than 75% the aerosol particles will be droplets of a NaCl solution, which has a concentration determined by the RH of the ambient air (15) . As droplets have a relatively large air-water interface, surface inactivation could play a role, as was found for phage T1 (1, 18, 19 N, is the number of PFU collected at time t and N. is the expected number of PFU calculated from the total number of PFU aerosolized and the volume of the aerosol collected.
RESULTS
The survival at different relative humidities of phage MS2 after spraying from 0.1 M NaCl is shown in Fig. 1 also causes inactivation. Inactivation by shaking is more pronounced at a higher salt concentration. The processes of shaking and bubbling expose the phage to a large continuously changing air-water interface. Such a large air-water interface is also found with aerosol particles at high RH. Phage particles which are more resistant to shaking are also more resistant to inactivation in aerosols (Fig. 2b) , indicating a further correlation between inactivation by shaking and inactivation in aerosols at high RH. Peptone, which protects against inactivation by shaking (Fig. 2a) protects also against inactivation in aerosols. Protection in aerosols is strongly dependent on the salt concentration in the spraymedium (Fig. 3) . Peptone (0.01%) protects the virus in aerosols sprayed with 0.003 M NaCl, but at a higher salt concentration protection is less. A good protection can, however, also be obtained at a higher salt concentration but then the concentration of peptone has to be raised (Fig. 3) . Protection was also given by the single amino acid phenylalanine (Fig. 4) . Here again protection was less after spraying with a higher salt concentration. Figure 4 shows that at a 10 times higher salt concentration, about 10 times more phenylalanine has to be added for protection. At high phenylalanine concentration protection, however, decreased. At high concentrations of phenylalanine the solubility of phenylalanine in the aerosol droplet can be exceeded. The salt concentration in the droplet amounts to 2.6 M NaCl at 90% RH as can be calculated from the vapor pressure lowering of NaCl solutions (21) . The solubility of phenylalanine in 2.6 M NaCl was therefore determined and this was found to be exceeded at concentrations higher than 0.06 M.
The surface active substance OED, which is a commercial mixture of oxyethylene doco- FIG. 2 . a, Inactivation of phage MS2 by shaking. The stock phage suspension was diluted 1:104 in the indicated media and then subjected to surface-inactivation by shaking 10 ml of suspension in a 30-ml bottle by means of a flask shaker. b, Inactivation in aerosol at 90% RH of the fraction of phage MS2 surviving in a shaking experiment. A sample of phage was subjected to shaking in 1 M NaCI until a more resistant fraction appeared and then sprayed. 
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sylether and oxyethylene octadecylether (14) , protects very well against inactivation by shak--1.0 ing (Fig. 2a) and also protects against inactivaMNoCL tion in aerosols. In aerosols generated from 2.6 M NaCl at 90% RH nearly maximal protection was found at about 1.1% (wt/vol) OED in the spray-medium (Fig. 5) . To show whether the -2.0 * protective concentration might be determined by the surface occupation of OED on the droplet surface, the surface occupation by OED was determined in a separate experiment by spreading a known amount of OED emulsion in a _&.
Langmuir trough on the air-water surface. A dense monolayer of OED was found at an OED concentration of about 4.5 x 10-7to 6.5 x 10-7 g/cm2 (Fig. 6) . The protective concentration of OED at 1.1% (wt/vol) (Fig. 5) 
DISCUSSION
Peptone and phenylalanine protect phage MS2 against inactivation in aerosol. Higher concentrations are needed if the salt concentration in the spray-medium is raised. The effect of the salt concentration on the protective action is explained by the difference in droplet size after evaporation. At 90% RH the NaCl concentration in the droplet after evaporation to equilibrium will be 2.6 M. After spraying from 0.1 M NaCl the concentration factor is 2.6 and after spraying from 1.0 M NaCl this amounts to 2.6. In the latter case 10 times more phenylalanine or peptone will have to be added to the spray medium to obtain the same concentration in the droplet. The consequence of this is illustrated in Fig. 7 where the phage survival is plotted as a function of the final phenylalanine concentration in the droplet. For both salt concentrations, protection is maximal at about the same final phenylalanine concentration, indicating that the final phenylalanine concentration determines the protection. The protective effect of phenylalanine disappears at concentrations higher than 0.06 M (Fig. 7) . We found that the solubility of phenylalanine in 2.6 M NaCl is exceeded at concentrations higher than 0.06 M. The supersaturated solution, the crystals, or the process of crystallization then could be toxic. Crystal formation, which is strongly dependent on the total amount of phenylalanine in the droplets because of a relatively high surface energy of small crystals (15) will occur earlier in larger droplets. This could explain the lesser protection at 1.0 M NaCl compared to 0.1 M NaCl (Fig. 7) . The protective concentration of OED is also dependent on the salt concentration but to a lesser extent. OED differs from phenylalanine in that it is insoluble and accumulates at the air-water interface. Surface size then will be important.
Phage MS2 is most strongly inactivated at high RH when the aerosol particles are fluid. Inactivation is not likely due to toxicity of the concentrated salt solution in the aerosol droplet, because no inactivation in concentrated salt solutions is found. Inactivation was also not caused by shear forces nor by an enhanced oxidation because a high velocity of the liquid in the spraying system did not affect the virus and because inactivation was the same in a nitrogen atmosphere. By eliminating these possible inactivation processes we get the indication that inactivation is related to the air-water interface. By shaking, a large continuously renewing air-water interface is formed. Such an interface itself can be a cause of inactivation (1, 18, 19) , bebause a virus in such an interface is subjected to unbalanced forces. Because the aerosol-system has also a large air-water interface, surface inactivation is probably an important mechanism of inactivation in aerosols for phage MS2. This is supported by the parallel between resistance to surface inactivation and aerosol inactivation (Fig. 2b) . Peptone and OED which protect against inactivation by shaking also protect against inactivation in aerosols. The concentration of OED that exerts protection in aerosols is found at a concentration in which just a dense monolayer of this substance is formed at the air-water interface. This supports the concept of surface inactivation, because permeation of molecules in the air-water interface can be affected by the presence of a monolayer with surface pressures of 3 to 4 dyn/cm (13) , preventing these molecules from surface inactivation.
The decrease of recovery of phage MS2 after prehumidification, reported by Dubovi and Akers (9) can also be explained on the basis of our observations. By prehumidification the particle size is increased and the concentration of protecting substances is decreased. Under these circumstances the conditions for surface inactivation are present.
The minimum in the curves of Fig. 1 at 75% RH can be the result of several factors. In the first place aerosol droplets can be in solid state at a RH below 75%. This will occur more rapidly at lower RH, resulting in a shorter time for surface inactivation. Secondly, the droplets are smaller at 75% RH than at higher RH, resulting in a shorter distance to the droplet surface, increasing the number of collisions with the surface. In addition, in the shaking experiments we found that the rate of inactivation by shaking increases at higher salt concentrations (Fig.  2a) . At low salt concentrations ( ( 0.01 M NaCl) no inactivation was found (manuscript in preparation). This could explain the results of Webb (23) who found that the MS2 related phage f, was stable in aerosol after spraying from water.
The importance of surface processes for the inactivation of phage MS2 in aerosols at high RH is remarkable, as it differs in this respect from a small animal virus like encephalomyocarditis virus (EMC). Though both viruses seem superficially of analogous structure (small lipid-free RNA viruses with icosahedral shape), the EMC virus survives well at high RH (6) . As EMC virus survives well in aerosols at high RH, it can be expected that this virus is not sensitive to surface inactivation by shaking and this is what we found (manuscript in preparation). These results suggest that only for viruses inactivated at high RH, i.e., lipid-containing viruses, surface, inactivation can be an important mechanism.
